DNA binding activity of p53 is crucial for its tumor suppressor function. Our recent studies have shown that four molecules of the DNA binding domain of human p53 (p53DBD) bind the response elements with high cooperativity and bend the DNA. By using A-tract phasing experiments, we find significant differences between the bending and twisting of DNA by p53DBD and by full-length human wild-type (wt) p53. Our data show that four subunits of p53DBD bend the DNA by 32-36°, whereas wt p53 bends it by 51-57°. The directionality of bending is consistent with major groove bends at the two pentamer junctions in the consensus DNA response element. More sophisticated phasing analyses also demonstrate that p53DBD and wt p53 overtwist the DNA response element by Ϸ35°a nd Ϸ70°, respectively. These results are in accord with molecular modeling studies of the tetrameric complex. Within the constraints imposed by the protein subunits, the DNA can assume a range of conformations resulting from correlated changes in bend and twist angles such that the p53-DNA tetrameric complex is stabilized by DNA overtwisting and bending toward the major groove at the CATG tetramers. This bending is consistent with the inherent sequence-dependent anisotropy of the duplex. Overall, the four p53 moieties are placed laterally in a staggered array on the external side of the DNA loop and have numerous interprotein interactions that increase the stability and cooperativity of binding. The novel architecture of the p53 tetrameric complex has important functional implications including possible p53 interactions with chromatin.
The tumor suppressor protein p53 plays a central role in the regulation of cellular growth and is a potent transcription factor that is activated in response to a variety of DNA damaging agents, leading to cell cycle arrest at the G 1 ͞S phase checkpoint or to induction of apoptosis (1, 2) . Disruption of this pathway occurs in a wide variety of human cancers and correlates with the development of the tumorogenic mutants that are defective in DNA binding and consequently cannot activate transcription. Thus, it is becoming clear that sequence-specific DNA binding and transactivation are the key activities that control the biological functions of p53 (1, 3) .
Wild-type (wt) p53 binds as a tetramer (4-7) to over 100 different naturally occurring response elements, of which approximately 60 show functionality. The human genome has been estimated to contain approximately 200-300 such sites (8) . Response elements differ in the details of their specific base sequence, but all contain two tandem decamers, each a pentameric inverted repeat. Most decamers follow the consensus sequence pattern (4) PuPuPuC(A͞t)͉(T͞a)GPyPyPy, where Pu and Py are purines and pyrimidines, respectively, and the vertical bar denotes the center of pseudodyad symmetry. These decamers may be separated by as many as 21 bp without complete loss of p53 binding affinity (9) , but functional sites (defined as the ability to activate a nearby reporter gene) have short intervening spacers (8) . Of special importance to understanding the pleiotropic character of p53 binding and hence its function is the sequence of the tetramers that span the pseudodyad in each half-site. These are most commonly CA͉TG but can also be CA͉AG:CT͉TG (8) , all of which are known to exhibit a large flexibility for bending or kinking into the major groove (10) (11) (12) . Because many architectural proteins utilize CA:TG dimers (13) (14) (15) , it is natural to suspect that these dimers may play an important role in specific DNA recognition by transcription factors, especially those with the functional multiplicity of p53.
To date, only one crystallographic structure of a p53 nucleoprotein complex has been reported (16) . This structure clearly showed the direct interactions between a p53 DNA binding domain (p53DBD) and the target DNA but could not address the role of the tetrameric complex in specific DNA recognition. We therefore performed ligase-mediated cyclization (17) and chemical probe analysis (18) combined with molecular modeling (18, 19) , the latter to develop a tetrameric model consistent with the demonstration of DNA bending by ligase-mediated cyclization. Surprisingly, it was found that the p53DBD self-assembles as a tetrameric complex when bound to a full (20-bp) p53 response element (although it exists as a monomer in solution) and that binding occurs with high cooperativity (17, 20) . Subsequent studies showed that the binding affinity of the tetrameric p53DBD complex was correlated with DNA bending and that response elements with greatest flexibility at the pentameric junctions, e.g., one or more CA͉TG elements, actually bound with the highest affinity (21) . However, none of these earlier experiments yield either the directionality of DNA bending or the local changes in DNA twisting associated with p53 binding. The latter is of special importance because stereochemical analysis (19) suggested that the DNA twisting increases on complex formation and that local supercoiling in genomic DNA might therefore play a role in the regulation of specific sequence recognition. Finally, none of the above studies examined the binding of wt p53.
In the present work, we have used A-tract phasing analysis (22) to determine both the directionality and magnitude of DNA bending in the p53DBD-and wt p53-DNA complexes. In this technique, a protein-induced DNA bend is helically phased with one or more poly(A) tracts whose bending magnitude and directionality are known (23) . By examining the gel mobility as a function of variable spacer length between these elements, an absolute determination of both bending magnitude and direction is possible. To determine twisting changes, we employed more sophisticated phasing constructs that include an additional A tract
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Abbreviations: DBD, DNA binding domain; wt, wild type. § To whom reprint requests should be addressed. e-mail: harring@asu. edu or zhurkin@structure.nci.nih.gov. (24) . Results show substantial differences in both DNA bending and twisting between the p53DBD and wt p53 complexes. Bending directionality confirms earlier model predictions for the p53DBD complex (18, 19) . Based on the new results, we further develop this model, including the N-and C-terminal fragments, in addition to the DBD subunits, which allows new insights into possible p53 structure-function relationships.
METHODS
Plasmid Construction and Protein Purification. A human p53 cDNA clone encoding amino acid residues 96-308 was amplified by PCR using p53-specific primers 5Ј-ATATCATATGGTC-CCTTCCCAGAAAACCTA-3Ј and 5Ј-ATATGGATCCTCA-CAGTGCTCGCTTAGTGCTC-3Ј. The amplified product was cloned in the pet12a expression vector (Novagen), and the core DNA binding domain was overproduced in Escherichia coli BL21(DE3) and purified as described (17) . The full human wt p53 with 27-aa N-terminal tag was expressed in baculovirus and purified by Ni ϩ2 affinity column chromatography as described (25) . Purified proteins were analysed by SDS͞PAGE and were stained by Coomassie blue. All p53s were Ͼ90% pure.
Design of the p53 Binding Site. The principal considerations dictating the design of the response element used here were (i) to ensure that each monomer interacts with the DNA pentamer as in the crystal (16), (ii) to maintain a flexibility element CATG at the pentamer junctions in each half-site (8) , and (iii) to maintain dyad symmetry in the sequence to facilitate molecular modeling (19) . The binding site used here was composed of a fourfold repeat of the consensus pentamer, organized into half-sites AGGCA͉TGCCT. This selection guarantees that the trimers GGC:GCC are the same as in the cocrystal structure (16) where the p53DBD subunit is bound to the pentamer GGGCA forming hydrogen bonds with the italicized three central base pairs.
Phasing Analyses for DNA Bending and Twisting. The phasing probes for the DNA bending analysis were constructed by partial annealing of a fixed length oligonucleotide having a p53 consensus sequence to a series of oligonucleotides having three phased A-tract sequences (the three-segment constructs in Fig. 1 ). The annealed oligonucleotides were extended by Klenow fragments, digested by EcoRI and HindIII, and cloned at the EcoRIHindIII-digested plasmid Litmus 39. The plasmids were sequenced to confirm the sizes and sequences of the inserts. The sequences are organized as follows: 5Ј-BsrGI-EcoRI-(p53 site: AGGCATGCCT͉AGGCATGCCT)-variable spacer-(A-tract DNA: CGGGCAAAAAACGGGCAAAA͉AACGGCAAAA-AACGGGC)-HindIII-ApaI-3Ј. The vertical bars denote the center of the p53 binding site and the center of the A-tract DNA curvature. The lengths of the fragments between the vertical bars vary between 30 and 50 bp (S3 in Fig. 1 A) . The variable spacer changes from zero for S3 ϭ 30 bp to 20 bp for S3 ϭ 50 bp. The Twist angles calculated for the S3 fragments based on Kabsch et al. (26) values are the closest to 360°ϫ n for S3 ϭ 42 bp (Twist ϭ 360°ϫ n ϩ 3°) .
The four-segment constructs for analyzing the DNA twisting were made by digesting the bending plasmids with EcoRI and MluI and subcloning an oligonucleotide with three phased Atracts such that the distance between the p53 bend center and center of A-tracts remained 41 bp (S2 in Fig. 1 A) . All of the recombinant plasmids were digested with BsrGI, labeled with [ 32 P]dATP and Klenow fragment, and digested with ApaI. The labeled probes were further purified on 10% native PAGE to eliminate the free label.
The labeled probes (5 ϫ 10 3 cpm, 50 ng) were mixed with poly(dI-dC) (200 ng) and incubated with the binding protein (p53DBD peptide or wt p53) in DNA binding buffer (50 mM Bistris propane⅐HCl, pH 6.8͞1 mM DTT͞100 mM sodium chloride) at 4°C for 30 min and analyzed on 12% polyacrylamide gel. The binding reaction with wt p53 was carried out by incubating 2 ng of the probe, 30 ng of 30-bp nonspecific competitor DNA, and 50 ng of p53 in 50 mM Tris⅐Cl͞100 mM NaCl͞1 mM DTT at 4°C for 30 min and analyzed on 12% polyacrylamide gel. The concentration of the protein was adjusted so that it forms an approximately 50:50 complex with the probe.
Intrinsic DNA bend standards were prepared by partial annealing of two oligonucleotides each having three phased Atracts. The lengths of the oligonucleotides were adjusted such that the distances between two bend centers varied between 37 and 45 bp. The standard probes were run on the same gel for comparison ( Fig. 2 A and B) .
Calculation of the DNA Bend Angle. To estimate the p53-induced DNA bend angle, we used a scheme similar to that developed by Kerppola and Curran (27) . According to their formalism, the DNA trajectory is approximated by a V shape, i.e., the two DNA bends, one in the center of the A tract and the other in the center of the protein binding site, are assumed to be closely spaced. In the present work, however, the DNA spacer between the two bend centers, S3 ϭ 30-50 bp, is comparable in length to the two DNA ''arms'', S2 ϭ 50 bp and S4 ϭ 55 bp ( Fig. 1 A) . Therefore, the formalism (27) requires modification.
We consider the two bends separately and assume that DNA forms a C-shaped trajectory (Fig. 1B) . The angle ␣ ϭ (180°Ϫ ЄPCA) is used as a measure of the overall DNA bend. For the cis configuration, ␣ ϭ ␥ a ϩ ␥ p , and for the trans configuration, ␣ ϭ ␥ a Ϫ ␥ p , in which P refers to protein and A to the A tracts. Thus, our expression equivalent to the formalism of Kerppola and Curran (27) becomes
where k Ϸ 1 is a parameter adjusting for specific electrophoresis conditions. In turn, the angles ␥ p and ␥ a are related to the protein-induced bend, ␤ p , and the A tracts' intrinsic bend angle, ␤ a , by
Three-and four-segment DNA constructs (22, 24) used for the A-tract phasing analyses of DNA bending and twisting in the complex with p53 tetramer. The spacer S3 is variable, whereas the segments S1, S2, and S4 have fixed lengths. (B) Scheme for calculation of the DNA bend angle in the three-segment construct in A. P stands for the p53-bound end of DNA and A is for the A-tract end. C denotes the center of the horizontal fragment, so that s ϭ S3͞2, dp ϭ S2, and da ϭ S4.
where subscript ''z'' means either ''a'' or ''p''. The parameters d a , d p , x a , x p , and s are shown in Fig. 1B . To calculate the proteininduced bend angle, ␤ p , the angle ␤ a is fixed at the selected value of 54°or 60°, corresponding to the A 6 -tract bend angle of 18°or 20° (28) , and the angle ␤ p is varied from 0°to 90°with an increment of 1°. The angles ␥ a , ␥ p and the corresponding ratio r ϭ min ͞ max are calculated from Eqs. 2 and 1, respectively. The value of ␤ p when the two ratios (theoretical and experimental) are equal, is selected as the estimate of the protein-induced bend angle ␤ p .
The coefficient k is obtained from the data for the standard probes containing two sets of A tracts ( Fig. 2 A and B) . In this case, the ␤ p value is known (␤ p ϭ ␤ a ), and Eq. 1 is used to find the value of k corresponding to the ratio r ϭ min ͞ max ϭ 0.69 observed under our experimental conditions. Based on our formalism, we estimate the values of the coefficient k ϭ 1.04 and 1.17 for ␤ a ϭ 60°and 54°, respectively, whereas the Kerppola and Curran formalism (27) with our data gives corresponding values k ϭ 0.77 and 0.85. This suggests that our ''C-shape model'' provides a more realistic approximation to the observed DNA gel mobility.
RESULTS AND DISCUSSION
Directionality of DNA Bending in the p53-DNA Complexes. The phasing analysis data for the p53DBD and wt p53 bound to the three-segment DNA constructs are shown in Fig. 2 A and B , with their relative mobility plots in Fig. 2C . The p53-DNA complexes demonstrate the cosine mobility pattern characteristic of protein-induced DNA bending (22, 27) . The probes with 35-and 45-bp spacers show maximum mobility on the gel, whereas the probes with 30-, 40-, and 50-bp spacers move the slowest. The former correspond to the trans DNA configuration, and the latter to the cis DNA shown in Fig. 1 . In other words, the cis DNA is formed when the centers of the two bends (in the p53-DNA complex and in the A tract) are separated by an integral number of helical turns. Therefore, the overall p53-DNA bend is directed in the same way as that in the A tract, into the minor groove (22, 23) .
To establish the actual directionality of the local p53-induced bending, it is necessary to specify the centers of bending. Because the p53 response element consists of two decameric repeats with the flexible CA͉TG pentameric junctions, the DNA bends are presumably located at these flexible junctions (13) (14) (15) . In this case, we conclude that the local DNA bends occur in the opposite direction, into the major grooves, because the CA͉TG junctions are separated by 5 bp from the center of the p53 binding site.
Both wt p53 and p53DBD reveal the same directionality of DNA bending. It is clear that although the wt p53-DNA complexes show a reduced mobility on the gel, probably because of their higher molecular weight (Fig. 2B) , the overall pattern of gel retardation remains the same (Fig. 2C) . The DNA bend angles are calculated to be 32-36°in the case of p53DBD-DNA complex and 51-57°for the wt p53-DNA complex ( Table 1) .
The free DNA fragments also demonstrate the cosine-like profile of the gel mobility as a function of the spacer size (Fig. 2D) . Thus, in addition to the A tracts, free DNA is intrinsically curved in some other sites or there would be no periodicity in the gel retardation. The directionality of the free DNA bending is close to that in the p53-DNA complexes, although its magnitude is much smaller. This suggests that the free p53 binding site can flex in the direction close to that observed in the p53-DNA complex: presumably, into the major groove in the CATG tetramers.
FIG. 2.
Phasing gel analysis of DNA bending. p53DBD (A) and wt p53 (B) are bound to the three-segment constructs with spacers S3 (Fig.  1 A and B) with the lengths (in bp) indicated. Lane M shows mobilities of the markers. Labels C stand for the p53 complexes and F stands for free DNA. A-tract DNAs serve as ''standard probes'' to determine the adjusting parameter k (see Methods). (C and D) Relative mobility plots for the p53DBD-bound DNA (E in C), for the wt p53-DNA complex (F in C), and free DNA (D). To calculate the relative gel mobilities, the free DNA mobility as a function of the spacer length was approximated by using a linear function. The observed mobilities (both for free DNA and for the complexes) were divided by these ''ideal'' values corresponding to a length-dependent retardation of DNA without intrinsic bends. The values so obtained were normalized separately by the maximum mobilities in each case so that the maximum relative mobility is always 1.0. Ratio, r, is the value of relative mobility shown in Fig. 2C for the spacer of 40 bp (minimum mobility of the complex divided by maximum mobility). The averages for three independent measurements are given, with the standard errors not exceeding 0.02. The bend angles are calculated following Eq. 2 assuming that the DNA bending per A6 tract is 18°(bend1) or 20°(bend2) (see ref. 28 Increase in DNA Twisting On p53 Binding. The mobility minima for the p53 complexes are shifted to a shorter spacer, i.e., to 40 bp instead of 42 bp for the free DNA (Fig. 2 C and D) . This shift probably indicates overtwisting of the DNA in the complex compared with free DNA. To test this hypothesis, we analyzed the four-segment twisting constructs (Fig. 3) . It is important for comparing the free DNA with the complex that the segment S2 was 41 bp in this case, which ensures that S1 and S3 are in the cis orientation in both cases (Fig. 1) .
The free DNA gel mobility is characterized by easily detectable maxima and minima, which are located exactly where they should be according to the DNA twisting calculations based on the scheme of Kabsch et al. (26) . These calculations predict that the two A tracts are in a cis orientation (C shape, Fig. 1 A) when the spacer S3 is 32 bp or 42 bp, and in trans orientation (S shape) when S3 is 37 bp (data not shown). Accordingly, in Fig. 3 C and D, the free DNA mobility is at a minimum for S3 ϭ 32 bp and 42 bp and a maximum for S3 ϭ 37 bp. So, the gel mobilities of the four-segment constructs with two sets of A tracts are consistent with simple ''S-C-S transition'' related to DNA twisting, and thus can be used for measurements of the twist angle changes induced by p53 binding.
It is clear that the DNA mobility as a function of the spacer S3 length has a cosine wave appearance for both free DNA and the p53 complex, the former being shifted to the right compared with the latter (Fig. 3 C and D) . For the p53DBD-DNA complex this shift is 1 bp, and for the wt p53 the shift is 2 bp (within the precision of these measurements). In terms of the DNA twist angle, these shifts indicate Ϸ35°and Ϸ70°increase in the DNA twisting for p53DBD and wt p53, respectively.
The four-segment constructs for both free DNA and the complexes show similar amplitudes in their periodic mobility profiles (Fig. 3) . This has the advantage of effectively increasing the sensitivity of the method for measuring and comparing DNA twisting. By contrast, the three-segment constructs had a much smaller amplitude for free DNA compared with the p53 complex. Thus, the combination is exceptionally powerful: the threesegment constructs are ideal for measuring the directionality and magnitude of the DNA bending, whereas the four-segment constructs permit a realistic estimate of changes in DNA twisting on binding to protein.
Molecular Modeling of the DNA Bending and Twisting in the p53 Complex. The tetrameric p53-DNA complex was modeled by using the coordinates from the x-ray structure of a single p53DBD bound to the DNA obtained by Pavletich and coworkers (16) . The details of the computations are described elsewhere (19) . We present below the principal results and compare these with the phasing gel data.
The p53 response element studied here is formed by four pentamers.
5Ј-A G
The base pairs in the underlined central trimers in each pentamer are hydrogen bonded with p53DBD in the cocrystal monomer structure (16) , and unlikely to be distorted in the tetrameric FIG. 3 . Phasing gel analysis of DNA twisting. Gel mobilities of the p53DBD-DNA complex (A and C) and wt p53-DNA complex (B and D) are compared with the free four-segment DNA constructs (Fig. 1A) . M, C and F are as in Fig. 2 . The average mobility plots in C and D are given for three independent experiments (the individual measuments vary by no more than 0.4 cm for the complexes and 0.6 cm for free DNA). complex. To retain the symmetry of the complex, the DNA duplex must flex along the dyad axes at the pentamer junctions indicated by vertical bars, i.e., in the Roll direction. Our data suggest that the decamer junction indicated by the double bar remains less distorted than the flexible junctions CA͉TG (19) . Thus, the number of the independent degrees of freedom is reduced. The energy landscape of the complex is shown in Fig. 4 , where the energy of the p53DBD tetramer is presented as a function of two angles, Bend and Twist, measured between the centers of pentamers 1 and 2 (the angles for pentamers 3 and 4 are identical because of the symmetry of the complex). Two main results follow from this energy profile: (i) DNA bending in the positive direction, i.e., into the major groove of CA͉TG, is much preferred; and (ii) bending and twisting are strongly correlated, so the positive bend is accompanied by an increase in DNA twisting (19) , entirely consistent with the gel data ( Table 1) .
The DNA bending is likely localized mostly at the two CA͉TG junctions (18, 19) . Therefore, to establish equivalency with the computations, the measured total bend must be divided by two (Bend͞2 ϭ 17°for p53DBD and 27°for wt p53) ; these values are noted by crosses in Fig. 4 . For simplicity, it is also presumed that the increase in the Twist angle is localized within the 20-bp response element interacting directly with the protein (16, 18) and the DNA twisting is uniformly distributed between the pentamers. Therefore, each of the two ''center-to-center'' fragments, i.e., from the center of pentamer 1 to 2, and from 3 to 4, absorbs Ϸ25% of the total overtwisting (⌬Twist͞4 ϭ 35°͞4 Ϸ 9°for p53DBD and 70°͞4 ϭ 17.5°for wt p53; see Fig. 4 ). The absolute value of Twist ϭ 170°for free DNA in solution (cross F in Fig.  4 ) was calculated by using the dimeric twist angles of Kabsch et al. (26) .
Under these assumptions, the point corresponding to experiment for p53DBD (the cross DBD in Fig. 4 ) lies at the center of a wide asymmetric area representing energetically acceptable configurations of the tetramer. (This point does not coincide precisely with the minimum in energy, but rather is shifted in the direction predicted by entropic effects.) This DBD configuration, presented in Fig. 5 , is characterized by favorable interactions between both parallel and antiparallel p53 subunits. Unlike straight B-DNA, where the H1 helices from two antiparallel p53 domains overlap (18, 19) , there is no H1-H1 clash in this structure. Instead, the H1-H1 contact energy has negative van der Waals and electrostatic components (19) . Because of the restrictions on the system imposed in the course of simulations, the p53DBD-DNA interactions are consistent with the cocrystal structure (24) and thus preserve the sites of specific p53-DNA recognition observed in that study.
The experimental point for wt p53 is at the edge of the acceptable area (Fig. 4) . Note, however, that the energy map is calculated for the p53DBD tetramer, not for wt p53. On the other hand, the location of the wt cross on the (Bend, Twist) map is generally consistent with the energy profile. All three crosses, F (for free DNA), DBD, and wt, lie approximately on a straight line running along the bottom of the energy ''ravine'' (Fig. 4) , and the positive correlation between Bend and Twist described above therefore remains valid. FIG. 5 . Three-dimensional model for four p53DBD subunits bound to bent DNA. The H2 helices are involved in direct DNA recognition in the major groove (24) . The H1-H1 interactions are operative in causing DNA bending and twisting (26, 29) . The broken lines indicate that in the wt p53 tetramer bound to DNA, the N termini are located on the external side of the DNA loop, whereas the C termini fragments are on the internal side (the tetramerization and basic domains are not shown). Small arrows denote putative interactions between the proline-rich N fragments and the p53 core domains.
Direct comparison of the protein-induced DNA bend angles based on gel data (Fig. 2) is problematic because of the uncertainty caused by physical sizes of the bound proteins (29) . This uncertainty is partially resolved, however, by the analysis of the ''twisting'' gels shown in Fig. 3 . In this case, it is not important whether the protein is large or small, or whether it lies on the interior or exterior of the DNA loop. Because the measured Bend and ⌬Twist angles increase concomitantly when DBD is substituted by wt p53, and because this trend is consistent with the stereochemical data (Fig. 4) , we suggest that the increased Bend measured here for wt p53 reflects the real architecture of the tetrameric wt complex in solution.
CONCLUSIONS AND IMPLICATIONS OF THE MODEL
The present model for a sequence specific-tetrameric complex between p53DBD and a response element is consistent with a wide variety of biochemical evidence, including ligase-mediated cyclization (17) , cyclic permutation (21), a variety of chemical probe studies (18) , and the use of phasing analysis in the present work. The latter has led to the determination of both the magnitude and directionality of the DNA bend in the complex. The bending directionality agrees with our earlier prediction (18, 19) , following the major groove bending at conserved CATG tetramers that has been observed in other nucleoprotein systems (13) (14) (15) .
A particularly important finding in the present work is that the DNA bending and twisting angles are significantly larger in the wt p53 complex than in the complex with the p53 core domains. This strongly indicates that the p53 domains flanking the p53DBD also are involved in DNA binding.
Based on our model, we suggest that the N termini interact with the DBD, thereby affecting the DBD-DBD interactions, whereas the C termini could interact directly with the DNA. The N termini are positioned close to the adjacent DBDs, and their interactions could lead to an increased bend and twist in the DNA bound to wt p53 (Fig. 5) . This interaction can also account for the variable length of spacer DNA between the p53 half-sites (8) (9) because the N terminus potentially could form a bridge between separated p53 dimers. This would be an aspect of indirect recognition in the binding specificity of p53. Finally, the N termini are relatively exposed and accessible to other proteins after p53 tetramer is bound to DNA, consistent with their involvement in downstream signal transduction pathways.
The functional roles of the C termini are equally important and include moderating p53 DNA binding properties and promoting DNA looping (30, 31) . In the present model, the C termini interacting electrostatically with the DNA would increase the bend simply by pulling the DNA toward the center of the bend. On the other hand, our model opens many possibilities for allosteric control of p53 binding (32, 33) implicit in the location of the N and C termini of the p53DBD on the outside and inside of the DNA loop, respectively (Fig. 5) . For example, the flexible spacers in the C termini could change their orientation with respect to DNA and the entire complex. This is of special interest because the C termini undergo posttranslational modifications including both acetylation and phosphorylation, which appear to be regulated by DNA damage (34, 35) .
Our model suggests that direct binding of p53 might occur to nucleosomes (19) and that p53 binding to unfolded chromatin might offer possible mechanisms for the detection of DNA damage. The external location of the p53DBD moieties on the DNA and the critical importance of major groove flexibility elements CA͉TG at helically phased sites in the response elements are suggestive of such a binding because the CA:TG dimers lie on the outside of nucleosomal DNA (36, 37) .
The model also offers insights into the remarkable binding specificity and selectivity of p53. Because p53 is such a pleiotropic transcription factor having many functions (including that of enhancer), the demands for binding specificity and selectivity are necessarily extraordinary. This is evidently accomplished through its tetrameric association with a repetitive binding site in which precise steric fit is extremely important. Steric fit is accommodated through both DNA bending and twisting; because these are coupled (Fig. 4) , it is possible that the binding specificity of the p53 system could also be regulated by local supercoiling in promoter regions either by specific bending in larger transcriptional complexes or because of nearby architectural elements (38) .
